This paper describes the use of integrated multidisciplinary analysis and optimization of a race car model on a predefined circuit. The objective is the definition of the most efficient geometric configuration that can guarantee the lowest lap time. In order to carry out this study it has been necessary to interface the design optimization software modeFRONTIER with the following softwares: CATIA v5, a three dimensional CAD software, used for the definition of the parametric geometry; A.D.A.M.S./Motorsport, a multi-body dynamic simulation software; IcemCFD, a mesh generator, for the automatic generation of the CFD grid; CFX, a Navier-Stokes code, for the fluid-dynamic forces prediction. The process integration gives the possibility to compute, for each geometrical configuration, a set of aerodynamic coefficients that are then used in the multiboby simulation for the computation of the lap time. Finally an automatic optimization procedure is started and the lap-time minimized. The whole process is executed on a Linux cluster running CFD simulations in parallel.
Introduction
The design and development of race cars is a complex and multidisciplinary procedure that has to consider regulations limits, technological and budget constraints together with quite short development time in a very competitive environment. In this scenario the use of virtual product simulation is widely used for some aspects of the design and there is a constant trend in the use of high fidelity models to simulate the behavior of the car ina given circuit.
It is known that CFD simulation of a complete car is still an expensive numerical exercise but it is also clear that with the continuous grow of hardware and software tools in few years it will be possible to face this tipe of simulation ina resonable time making more and more attractive the possibility of coupling fluid dynamics, structural mechanics and controls into a unique design environment.
As an experimental exercise toward the "full product" simulation and optimization it was decided to face the problem of doing an aerodynamic optimization taking into consideration the multi-body dynamics of the vehicle on a circuit therefore measuring not aerodynamic quantities but their global effect on the car behavior. The work considers small modifications to the rear part of an Audi R8 2002 prototype racing car, shown in Fig. 1 .
In order to speed up the procedure it was decided to choose a mathematical model which, starting from some initial values, manages the interpolation of the remaining values in an accurate and rapid way.
The above described code, known as D.A.C.E. (Design and Analysis of Computer Experiment), is one of the In this way, with only 12 CFD simulations, it is possible to obtain, the 6 × 8 matrix of the aerodynamic forces needed in A.D.A.M.S. (1) , (6) , the software that simulates the virtual run of the vehicle on the assigned circuit of Le Mans.
The lap time is read and held in the database of mode-FRONTIER that automatically, according to the optimizer method chosen, will regenerate new values for the parameters and will restart the cycle.
A.D.A.M.S.-Simulation of the Vehicle on the Circuit
In the past, to determine the behavior on the track and to carry out the fine tuning of the prototype, it was necessary to proceed by testing it on one or more circuits, adapting the initial configuration to the particular needs linked to the characteristics of each single track layout.
Therefore, it required a long time to determine the most efficient set-up of the vehicle due to the high number of variants imputable to the correct functioning of the car (incidence of wings, suspensions, height from the ground, length of the gears, etc.).
In recent years, the multibody dynamic simulation of car behaviors has reached a level of maturity sufficient to predict with reasonable accuracy the lap time in a given circuit.
In the simulation code used, A.D.A.M.S., the global model is represented by means of a group of mechanical elements, each having particular characteristics.
Each element must substitute the motion equations of Eulero-Lagrange, and their position is described by six space coordinates.
1 Parametric model of a sports car
A vehicle is a very complex mechanical system that is represented by the union of the lower level systems that are formed in turn by various parts connected together by suitable joints.
The structure of the complete car model is pyramid type.
The complete model is contained in a file *.asy (assembly), that comprises:
• list of the various sub-systems that the model is made up of;
• the route of the files that contains the features of the single sub-system;
• the macroscopic parameters of the model, such as the maximum lateral acceleration, the mass of the vehicle, the highest velocity. The sub-systems that make up the complete vehicle are front and back suspensions, front and back tyres, chassis and framework, steering, engine, brakes and circuit.
Each of these sub-systems has a relative file *.sub (subsystem), that contains all the information pertaining to the various components of each sub-system, such as :
• position in the space of the connecting points of the various parts;
• route of the files that contain the type of reply given by certain components in relation to the external solicitation;
• macroscopic parameters of the sub-system; The assembly of the Audi R8, without the chassis, is illustrated in Fig. 4 .
2 Chassis and framework
The vehicle's chassis is reproduced numerically in the following way:
• by supplying the characteristics of mass, inertia, and the central position of the part's mass: pilot, ballasts, tank and frame;
• by supplying the aerodynamic characteristics as an external files, named *.aer. Fig. 4 Complete structure of the model The matrix of the values represented is that relative to the component of the thrust caused by the action of the frontdrive.
In the same way as with the above matrix, there is one relative to the thrust caused by the wing surfaces, by the rear diffuser and the matrix of the drag.
It is the matrix type 6 × 8, and this is due to the fact that 48 values are relative to the combination of eight front heights from the ground and of the six rear heights.
3 Aerolap
AeroLap is a software that has been developed by Ansimble Design and it represents one of the possible types of analysis inside A.D.A.M.S./Motorsport.
The model considered as part of Aerolap is simplified in relation to that of a normal analysis on a complete vehicle, above all for what concerns the characteristics of the suspensions and the tires: moreover on this model the analysis carried out was quasi-static, without considering the complete physics of the problem.
modeFRONTIER-CFD Interaction

1 Choice of the model
From the analysis of the solutions obtained and from the bibliography, it has been possible to appreciate the reliability of the SST turbulence model (Shear Stress Transport) (2) - (5) .
After having verified its potentialities, it was thus decided to use CFX for the rest of the analyses, basing such choice on the accuracy that the SST model can give, and on the good calculation speed, features that were suitable to carry out the high number of simulations in the phase of optimization.
2 Aerodynamic matrices
Therefore it was decided to determine the matrices of the differences between the original values and those evaluated with the fluid dynamic simulations.
Such matrices will be added step by step to the calculated matrices, in order to cancel the differences induced 
3 Response Surfaces D.A.C.E.
In the previous paragraph it has been seen that to calculate the values of the aerodynamic forces in 48 different positions of the car from the ground, involves excessively long calculation times.
In order to reduce the total number of simulations to be carried out, the Response Surfaces method was used.
The values of a function with n variables can be extrapolated from a few starting points.
The codes and the algorithms capable of carrying out this extrapolation are many and each of these is characterized by various times of calculation and various relative errors.
In this thesis it was chosen to use D.A.C.E. (Design and Analysis of Experiment), a recent method, whose potential has already been demonstrated Ref. (7) .
Parametrization Choice
In order to restrict the number of variables, according with Audi Sport, it was decided to parametrize the coordinates of the fundamental points of the diffuser (Xpar, Zpar), the inclination and the height of the posterior aileron (H2, Alfa), as visible in Fig. 5 .
Moreover, the entire car has been parameterized in function of the height from the ground and of the pitch angle, to represent all the configurations of the setup of the car along the various parts of the track (brake, acceleration), necessary to build the complete matrix of the lift and drag.
Optimization
1 Parallelization method
Because of the large number of simulations, it was chosen to parallelize the optimization on four processors AMD 2200+ Hz, having each one 1 Gb of RAM (cluster Linux).
This control has allowed to execute four CFD simulations at the same time, whose duration was about 120 Repeating 3 times this process, it has been possible to obtain the results of 12 simulations in about 6 hours.
2 Input variables
The ranges of the various parameters have been set up in the following way:
• X par = 2 736 ÷ 2 886 mm;
• Z par = −244.124 ÷−94.124 mm;
• Al f a = −2 ÷ 2 degrees;
• H2 = −50 ÷ 50 mm. Note that the variation ranges have been chosen in order that such values would not exceed the expected limits of the Le Mans Prototype regulations.
3 Optimization algorithm
The target of this work is to minimize the lap time as a function of four parameters of the geometry of the diffuser and of the rear wing profile.
Therefore, it has been used the Simplex optimization algorithm, one of the most reliable mono-objective algorithms.
Results
After the choice of the ranges of the parameters and the algorithm, the optimization has been started.
Thanks to the Simplex algorithm, a good solution, which improves the laptime, has been obtained already at the 17th design. Figure 6 shows the History Chart, that is the trend of the lap time during the optimization. Figure 7 shows the differences between the optimized geometry (in black) and the original one (in gray).
There are greater differences between the original car and the optimized one when the car is situated near the ground. A smaller drag in fact, in this situation, concurs to obtain higher speed on the rectilinear, as shown in Fig. 8 (original car-thick line/optimized car-thin line).
Moreover, from the Fig. 9 , it can be deduced that the lost energy of the best geometry is smaller and, conse- 
Conclusions
It has been demonstrated the possibility to define a geometry of the car whose aerodynamic performances concur to obtain higher speed on the rectilinear and on the wide beam curves.
These characteristics virtually improve more than two seconds the lap time of the Le Mans circuit.
In order to obtain this result more than three hundred fluid-dynamic simulation have been executed.
The set up procedure has shown the potentialities of the interconnection between dynamic and fluid-dynamic simulator.
Moreover, thanks to the flexibility and the compatibility of modeFRONTIER, it is possible to utilize the realized process, adapting it to the software in use.
